The effect of the cutoff frequency on the sound production of a clarinet-like instrument E. Petersen to the pass band affects the sound produced by the instrument, but it is not known 7 how this frequency affects the competition between self-sustained oscillation and ra-
A simplified model of a clarinet-like resonator is conceived such that the 9 first input impedance peak and the cutoff frequency can be independently chosen. 
57
Section III details the design and experimental verification of a cylinder and tonehole lattice 58 resonator for which it is possible to specify both the frequency of the first impedance peak are covered in Section V.
65

II. INPUT IMPEDANCE CALCULATIONS VIA THE TRANSFER MATRIX
66
METHOD WITH EXTERNAL INTERACTIONS
67
While the TMM is elegant, simple, and efficient, it ignores the effects of external interac- for propagation within the main bore while also accounting for the mutual impedance be-
71
tween apertures (N toneholes and the bore end) that are assumed to radiate into the same 72 space, and therefore have a mutual influence.
73
The TMMI allows the calculation of the acoustic pressure vector P and the acoustic flow 74 vector U through each aperture of the resonator. They are related to the source term by
where U s is the source vector, of dimension N + 1 and with only one non zero element: input impedance is calculated from the knowledge of the quantities P 1 and U 1 .
85
At low frequencies the monopoles can be assumed to radiate into a full space, however, the 86 uncertainty of the mutual loading approximation is greater than the factor of two between 87 half space and full space radiation.
88
The TMMI impedance calculation yields subtly different results when compared with standing wave ratio of the resonator and an increase of the radiation losses in the system.
93
Knowing P and U at the location of the toneholes allows for the calculation of external 94 values such as directivity and the pressure waveform at a given external location, topics 95 that are outside the scope of this paper but useful for future work.
96
III. RESONATOR DESIGN
97
A. Periodic lattice of holes and resulting cutoff frequency
98
The basic resonator considered in the current work is designed to have a desired first 99 impedance resonance frequency at f 1 and desired cutoff frequency at f c that can be ma-100 nipulated independently from one another by varying the geometry. This is achieved by 101 concatenating a cylinder of length L, which largely determines f 1 , to a lattice of geometri-
102
cally regular toneholes that imposes the cutoff behavior at f c , as shown in Fig. 1 
B. Geometrically regular lattice
115
A geometrically (and therefore also acoustically) regular lattice is constructed by repeat-
116
ing the basic cell shown in Fig. 1 (b) to create the lattice shown in Fig. 1 (a) . If the cells are all identical and their number infinite, the global cutoff frequency, which can be estimated 118 from impedance measurements or simulations, will be equal to the local cutoff frequency.
119
The local cutoff frequency is approximated by the Helmholtz resonance of a single cell whose 120 main bore is closed at the extremities,
where C a = 2 πa 2 /ρc 2 is the acoustic compliance of the main pipe, m h = ρh/πb 2 is the 122 acoustic mass of the tonehole, and a, , b and h are the geometric dimensions of the cell 123 shown in Fig. 1 (b) .
124
The exact local cutoff frequency for a cell in an infinite lattice can be calculated from
which is derived by solving the pressure and flow transfer matrix equations assuming either 
where L a = L+∆ is an effective acoustic length that accounts for the presence of a lattice of 137 open toneholes. The lattice modifies the radiation impedance of the cylinder as a mass-like 138 term, and is treated as a length correction
which must be included in addition to the physical length of the main cylinder when de-
140
termining the appropriate length that results in the desired frequency f 1 . lattice can then be constructed with a leading pipe to create the desired first resonance peak 166 described in Section III B. Figure 3 shows that a global cutoff frequency is attained using an 
D. Experimental results of a simple resonator
188
The simplified pipe-lattice resonator described in the previous section was tested experi- The continuous time reed instrument model used in this work is comprised of three main equations (Eq. (7), (9), and (10)). The three variables are the dimensionless pressure, flow rate, and reed displacement, respectively
IV. EFFECTS OF CUTOFF FREQUENCY USING DIGITAL SYNTHESIS
where Z c is the characteristic impedance, p M is the pressure difference needed to close the reed completely in a static situation, and H is the distance between the tip of the reed and the mouthpiece lay at equilibrium. The valuex = −1 corresponds to the closure of the reed.
The first equation corresponds to the movement of the reed which consists of a damped spring-mass driven by the pressure differential between the mouth of the musician and the
where ω r is the resonance angular frequency of the reed, q r is the damping coefficient, and the parameter γ = p m /p M is the dimensionless pressure in the mouth of the musician.
Following values similar to other articles, 18 the synthesis results presented in this paper assume ω r = 2πf r = 2π1500 (rad/s) and q r = 0.4 (dimensionless). The second line of Eq.
(7) corresponds to the limitation of the reed displacement by the mouthpiece lay. There exist more refined models of the reed that include dynamical behavior and the collision of the reed and the lay. [22] [23] [24] These models, however, are unnecessary for the current work which aims to efficiently compare the response of different resonators, not predict absolute behavior. The nonlinear relationship relating the input flow u(t) as a function of the pressure differential and the reed position isũ
where
The variable ζ = Z c wH 2/ρp M is the dimensionless embouchure parameter, depending on 
where p − (t) = (p(t) −ũ(t))/2 and p + (t) = (p(t) +ũ(t))/2 are the backward and forward 
where F −1 is the inverse Fourier transform. The advantage of using the reflection function 240 rather than the impulse response is that it is assumed to decrease much faster in time, and 241 can therefore be truncated to save computation time.
242
Discrete model
243
The continuous time model of the complete instrument is discretized so that temporal 244 synthesis can be simulated by a computer. Therefore, a strictly causal formulation must 245 be found so that every variable at a given time sample can be computed from the previous 246 values of all variables. Equation (7) is discretized using the finite difference scheme, 20 such
where the tilde notation is omitted for dimensionless variables in the discrete formulation the following condition is added
Once the position of the reed at sample n is known, the reed flow is computed using the 253 finite difference scheme
The parameter λ = λ c f s is fixed at the value −0.7 as in Coyle et al. 18 based on the measurements available in the literature.
25-28
The third equation involving the reflection function can be reformulated using the discrete convolution product
where r is the discrete version of the reflection function, which is causal. For the numerical application, the reflection function is deduced from the computed input impedance, which is windowed down to the characterstic impendance by 8 kHz, well below the first nonplanar mode and following recommendations from Gazengel. 19 Above this frequency the impedance is completed by the characteristic impedance until the Nyquist frequency, before computing the reflection function by inverse Fourier transform. Only the first D = 3000 elements of the reflection function are kept for the synthesis, chosen to be long enough so that it does not disturb the low frequency content of the resonator's response. Specifically, the impulse response is a sum of exponentially damped sinusoids and this choice of D ensures that the time response of the lower mode, with the highest quality factor, is not truncated. The backward pressure wave corresponds is written as
Separating this equation into a strictly causal and an instantaneous part and substituting for p and u, p
where r[0] is the first sample of the discrete reflection function. This yields p[n] as a function of u[n] and the past of p and u
The final pressure expression is as follows:
Using Eq. (19), it is possible to implement the temporal synthesis scheme described in 
265
There is a subtle difference between both the pressure and volume velocity for resonators 
Frequency domain characteristics
274
Frequency domain characteristics are computed directly from the steady state portion of 275 the synthesized waveforms p and u inside the mouthpiece, discarding the attack transient.
276
The playing frequency, f p , of resonators R 1.0 , R 1.5 , and R 2.0 , as a function of γ with constant 277 ζ = 0.45, are displayed in Fig. 6 . The values are presented in cents, relative to the frequency 278 of the first impedance peak, such that
It is seen that resonators with higher cutoff frequencies also have playing frequencies that 
288
To define a single value descriptor, the spectral centroid 30 is calculated as
where G(m) is the single sided power spectrum corresponding to the Fast Fourier Transform for each resonator, are shown in Fig. 7 . The spectral centroid is higher for resonators with 296 higher cutoff frequencies, even after adjusting for the playing frequency. Odd and even harmonics denoted by squares and circles, respectively.
To evaluate the influence on the distribution of harmonics in synthesized signals, the is relatively similar, but that the high frequency spectra, and hence the perceived sound,
321
can be quite different above the cutoff frequency. Specifically, the plots show more energy 322 in even harmonics above the cutoff frequency.
323
The same 60 resonators are compared in terms of the time averaged intensity at input of the resonators and the the time averaged intensity summed over each radiating aperture,
24
Effect of cutoff frequency on woodwinds shown in Fig. 9 . The time averaged intensity is defined as It is concluded that the cutoff frequency affects the spectral content of waveforms within 337 the mouthpiece by both demarcating the frequency at which even harmonics develop, as 338 well as shifting the spectral centroid higher for resonators with higher cutoff frequencies. 
Attack time
340
To evaluate the influence of the cutoff frequency on the transient portion of the wave-341 form, the time evolution of the waveform as the musician increases the blowing pressure 
